doxorubicin, etoposide, and pegylated liposomal doxorubicin (PLD) in vivo, utilizing ovarian cancer xenografts. Using cell lines representative of P53 wild-type ovarian cancer (A2780), and P53 mutant ovarian cancer (SKOV3), cells were implanted in the flank of athymic nude female mice. Mice were treated with vehicle, M3814 alone, topoisomerase II inhibitor alone, and M3814 in combination with topoisomerase II inhibitor, and change in tumor volume over time was documented. The addition of M3814 was well tolerated. We demonstrated that M3814 shows limited efficacy as a single agent in ovarian cancer models. The combination of M3814 with PLD showed enhanced activity over PLD as a single agent. Further study of this combination is warranted.
outcome, but a number of trials suggest that combining chemotherapy agents in the platinum-resistant setting leads to increased toxicity with little increase in efficacy 19 .
DNA-dependent protein kinase (DNA-PK) has been shown to play a crucial role in repair of DNA double-strand breaks, facilitating nonhomologous end-joining (NHEJ) [20] [21] [22] [23] . This includes repair of double-strand breaks resulting from oxidative stress, oncogene induced transcription, or therapeutic treatment of cancer with chemotherapy or radiation 24 . The active DNA-PK complex is composed of a catalytic serine/threonine protein kinase (DNA-PKcs) and two heterodimeric subunits (KU80 and KU70) that bind to the double-strand break to direct the catalytic subunit to the site requiring repair 24 . The discovery of this necessary role in DNA damage repair highlighted the potential of DNA-PK inhibitors to block DNA repair and therefore enhance DNA-damaging agents. M3814 is a highly potent and selective inhibitor of DNA-PK 25 . M3814 has shown preclinical activity in combination with DNA-damaging agents, including radiotherapy across multiple cancer models 26 . M3814 has also shown activity in combination with the topoisomerase II inhibitor, etoposide, across multiple cell lines derived from lung cancers as well as increased efficacy when added to etoposide and cisplatin in a small cell lung cancer xenograft model, vs etoposide and cisplatin alone 26, 27 . In addition, elevated DNA-PKcs expression has been associated with poor cancer specific survival in ovarian cancer patients 28 .
We aimed to determine if DNA-PK inhibitors could enhance the efficacy of type II topoisomerase inhibitors in models of ovarian cancer. We hypothesized that the combination of M3814 and Top2 inhibitors will provide ovarian cancer patients with new treatment options that are both efficacious and tolerable.
Results

Ovarian cancer cell lines show etoposide sensitivity in vitro.
Because multiple passaging of cell lines has been associated with loss of etoposide sensitivity 29 , we first sought to confirm sensitivity of ovarian cancer cell lines to etoposide in vitro. The effect of etoposide on cell proliferation was determined by MTT assay after 72 hours of drug treatment. A2780 and SKOV3 cell lines demonstrated sensitivity to etoposide inhibition with an IC50 of 112 nM and 1.9 uM, respectively. The OVCAR3 cell line was resistant to etoposide inhibition with an IC50 of 29.1 uM (Fig. 1 ). The IC50 of each cell line was statistically significant from each other (P < 0.0001).
DNA-PK inhibitor M3814 enhances activity of select topoisomerase II inhibitors in vivo. The
DNA-PK inhibitor M3814 has shown activity in combination with etoposide in lung cancer models 27 . To test the efficacy of M3814 in combination with topoisomerase II inhibitors, we performed in vivo xenograft studies using cell lines representative of P53 wild-type ovarian cancer (A2780), and P53 mutant ovarian cancer (SKOV3). Cells were implanted in the flank of athymic nude female mice, and drug treatment was started once tumor volume reached approximately 100 mm 3 . Mice were treated with vehicle, M3814 alone, topoisomerase II inhibitor alone, and M3814 in combination with topoisomerase II inhibitor. M3814 treatment alone showed no difference in tumor volume compared to vehicle, in both A2780 and SKOV3 xenograft models (Fig. 2) .
As shown in Fig. 3 , A2780 cells demonstrated decreased tumor growth in response to treatment with etoposide, doxorubicin (Adriamycin), and pegylated liposomal doxorubicin (PLD, Doxil) compared to vehicle. Of the single agents, cells were most sensitive to PLD, with a mean tumor volume of 1227 mm 3 at day 31 compared to a mean tumor volume of 2208 mm 3 for vehicle alone. Although A2780 cells displayed sensitivity to etoposide in vitro, tumor growth in vivo did not show inhibition to a similar extent. However, combination of M3814 with etoposide trended toward improved growth inhibition with a mean tumor volume of 1542 mm 3 at day 31 compared to a mean tumor volume of 1784.1 mm 3 for etoposide alone, although the difference was not statistically significant (P = 0.8088) (Fig. 3A,B) . Similarly, combination of M3814 with PLD also trended toward reduced tumor growth, although not statistically significant, with a mean tumor volume of 1109 mm 3 at day 31 compared to 1227 mm 3 for PLD alone (P = 0.9732) (Fig. 3G,H) . A2780 showed limited sensitivity to doxorubicin alone in www.nature.com/scientificreports www.nature.com/scientificreports/ vivo, with little improvement seen with combination therapy (Fig. 3D,E) . Body weights remained stable throughout the experiment (Fig. 3C,F,I) .
Xenograft experiments with the SKOV3 cell line exhibited slightly more resistance to etoposide and doxorubicin compared to the A2780 line, which recapitulated our in vitro results. As a result, combination of M3814 with either etoposide or doxorubicin had little effect on SKOV3 tumor growth compared to etoposide or doxorubicin alone (P > 0.9999, P = 0.9934, respectively) ( Fig. 4A-E) . In contrast, SKOV3 cells were sensitive to PLD, with a mean tumor volume of 593 mm 3 at day 54 compared to a mean tumor volume of 1257 mm 3 at day 44 for vehicle. Combination of M3814 with PLD led to a further reduction in tumor growth, with a mean tumor volume of 345 mm 3 at day 54, although not statistically significant from M3814 alone (P = 0.2143) (Fig. 4G,H) . Body weights remained stable throughout the experiment (Fig. 4C,F,I) .
Discussion
Treatment options for platinum-resistant ovarian cancer patients remain limited and, although PLD has activity, single agent response rates are low. Viable combination therapy options are necessary to improve the efficacy of available treatment options. DNA-PK inhibitors have been shown activity with DNA-damaging agents, highlighting their potential to improve the efficacy of these agents while remaining tolerable for patients.
We studied the effects of M3814 in combination with topoisomerase II inhibitors. M3814 showed no efficacy as a single agent in ovarian cancer models. This is consistent with the functional mechanism of DNA-PK; inhibiting this protein in the absence of DNA damage should have no effect on the cell. It is only in the presence of DNA damage that DNA-PK inhibition prevents DNA damage repair, exacerbating cell death.
The importance of combining DNA-PK inhibition with therapies that effectively induce DNA damage was emphasized by our in vitro and in vivo results. In cell lines that demonstrated sensitivity to topoisomerase II inhibitors in vitro, combination therapy of M3814 and topoisomerase II inhibitor generally led to reduced tumor growth compared to topoisomerase II inhibitor alone. However, cell lines that were resistant to topoisomerase II inhibitors in vitro showed no benefit from combination therapy in vivo. The combination of M3814 with PLD produced a more pronounced affect when compared to vehicle in the SKOV3 cell line, which is p53 null, than in the A2780 cell line which is p53 wild-type (p < 0.0001 vs p = 0.003). Prior in vitro work of M3814 in combination with irradiation has suggested that p53 mutation may serve as a possible marker for response to M3814 30 . When moving forward with clinical trials for combination therapy, it will be crucial to use DNA-PK inhibitors in combination with DNA-damaging agents that have single agent efficacy, before attempting combination therapy. If the DNA-damaging agent alone does not have an impact on cell growth, then combination therapy with DNA-PK inhibitors will have little success.
In addition to using the right DNA-damaging agents, our results highlight the importance of determining the optimal dosing schedule in therapy to obtain the best result. While the A2780 cell line was sensitive to etoposide inhibition in vitro, etoposide had little effect on tumor growth in vivo. Because the efficacy of the single DNA-damaging agent alone is critical in effecting any improvement in combination therapy, it will be essential to determine dosing schedules that maximize the efficacy of the single agent.
Although there are important considerations in DNA-PK combination therapy, our results demonstrate that M3814 enhances the efficacy of PLD, leading to reduction in tumor growth. While combination therapy seems necessary to improve upon the available treatment options, recent studies have shown that many combination therapies lead to increased toxicity. Bevacizumab, a humanized monoclonal antibody targeting vascular endothelial growth factor, was recently approved by the FDA for use in combination with chemotherapies (PLD, paclitaxel, and topotecan) in platinum-resistant advanced ovarian cancer, based on a phase III study that demonstrated an improved progression-free survival 31 . However, bevacizumab combination therapy does carry additional risk of toxicity, including risk of hypertension, thromboembolic complications, and bowel perforation, thus precluding its use in certain patient populations 32 . We predict that the DNA-PK inhibitor M3418 may improve the efficacy of PLD in ovarian cancer patients; further clinical trials are warranted. 
